Silicon (Si) is a widely used material in biomedical research^[@R1]--[@R11]^ because it is biocompatible and biodegradable, and it exhibits a spectrum of important electrical, optical, thermal and mechanical properties. For example, Si-based systems can sense electrical activities of the brain in flexible and adhesive configurations^[@R12]--[@R14]^, deliver nucleic acids *in vivo* to induce angiogenesis^[@R7]^, and perform intra- and intercellular force dynamics measurement^[@R15]^. So far, most of the applications of Si as biomaterials have been focused on or originated from single crystalline structures or substrates, which is primarily due to the need for high quality and controllable electrical or other properties. New Si-based forms that are unique in composition, structure, and property have the potential to yield nontraditional applications for Si-based biomaterials and open up unexpected new avenues for research and device manufacturing.

Structural heterogeneity {#S1}
========================

Natural biomaterials have remarkable diversity in structure and function and may guide the design^[@R16]^ of new Si forms^[@R17]--[@R22]^ for subcellular interfaces and biophysical modulation ([Fig. 1a](#F1){ref-type="fig"}). Given this hypothesis, we first focused on the synthesis of three-dimensional (3D) Si-based biomaterials with an ordered and uni-directionally aligned fibril-based framework ([Fig. 1a](#F1){ref-type="fig"}); we did so because this layout is fundamental to many natural biomaterials^[@R16],[@R23]^ (*e.g.*, bone^[@R16]^) and extracellular matrices (ECM)^[@R24]^. We employed a nano-casting approach^[@R17],[@R25]--[@R28]^ with ordered hexagonal mesoporous silica (SiO~2~) SBA-15^[@R29]^ as the template, in which silane (SiH~4~) decomposition inside the channels and pores could provide the nanowire arrays with self-supporting micro-bridges^[@R25],[@R26]^. While nano-casting synthesis of mesoporous solids is highly versatile and scalable, ordered and freestanding Si-based mesostructures with molecular-level principal feature sizes (*i.e.*, \< 10 nm) are still challenging to achieve^[@R17],[@R18],[@R27],[@R30]^. We designed a chemical vapor deposition (CVD) apparatus with a double-quartz-tubing system ([Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}) in which the SiO~2~ template (SBA-15) was placed near the bottom of the inner tube ([Figs. 1b](#F1){ref-type="fig"} and [S1](#SD1){ref-type="supplementary-material"}). We have identified an optimal growth temperature at 500 °C ([Supplementary Fig. S3](#SD1){ref-type="supplementary-material"}) with a duration of 2h ([Supplementary Fig. S4](#SD1){ref-type="supplementary-material"}), when 200 mg of SBA-15 template was used. After CVD, subsequent wet chemical etching with hydrofluoric acid (HF) removed the SiO~2~ and yielded a brownish powder ([Fig. 1b](#F1){ref-type="fig"}). The scanning electron microscopy (SEM) image shows wheat-like aggregates with individual grain width of \~2 μm ([Fig. 1c](#F1){ref-type="fig"}). The size or morphology uniformity can be improved by using shape-controlled SBA-15 templates (*e.g.*, rod-like or spherical shapes, [Supplementary Figs. S5 and S6](#SD1){ref-type="supplementary-material"}), or adopting post-synthesis separations ([Supplementary Fig. S7](#SD1){ref-type="supplementary-material"}). The freshly etched and dried Si-based samples did not result in combustion upon xenon flash illumination or mechanical grinding, suggesting that the mesostructured Si surfaces are ignition-resistant in air^[@R1]^. The sample is electrically conductive, and single particle measurements yielded a representative electrical conductance of 2.4 μS ([Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}). The powder can be molded and embossed like clay ([Supplementary Fig. S9a](#SD1){ref-type="supplementary-material"}), dispersed as a suspension and drop-casted to form thin films ([Supplementary Fig. S9b](#SD1){ref-type="supplementary-material"}), and injected and retained locally within collagen hydrogel ([Supplementary Fig. S9c](#SD1){ref-type="supplementary-material"}).

Nano-computed tomography (nano-CT) from transmission X-ray microscopy (TXM) measurement reveals that individual particle aggregate contains random micron- and sub-micron scale inter- or intra- (blue) granular voids ([Fig. 1d](#F1){ref-type="fig"}), reminiscent of the cavities in spongy bones. The voids have a total volume fraction of 0.7% (intra-)/50.0% (inter-) and width of \~0.2--2 μm ([Supplementary Fig. S10b](#SD1){ref-type="supplementary-material"}), likely formed through the diffusion-limited incomplete filling of Si inside mesoporous SiO~2~.

A small angle X-ray scattering (SAXS) profile ([Fig. 1e](#F1){ref-type="fig"}) exhibits diffraction peaks indexed as (100), (110) and (200) of a two-dimensional hexagonal structure (space group, *p*6*mm*), as expected from the SBA-15 template^[@R29]^. The lattice constant *a* calculated from SAXS was 11.1 nm, which is consistent with that of the SiO~2~ template (11.0 nm) and suggests a faithful replication. The Brunauer-Emmett-Teller (BET) specific surface area and total pore volume as measured by N~2~ sorption were 462 m^2^/g and 0.53 cm^3^/g, respectively ([Supplementary Fig. S10a](#SD1){ref-type="supplementary-material"}).

The high-resolution SEM shows assemblies of aligned nanowires within individual grains ([Fig. 1f](#F1){ref-type="fig"}), as expected from the channel structures in SBA-15 template. The end-view transmission electron microscopy (TEM) image and the fast Fourier transform (FFT) diffractogram ([Fig. 1g](#F1){ref-type="fig"}) confirm the hexagonally ordered packing of nanowires ([Supplementary Fig. S10c](#SD1){ref-type="supplementary-material"}). Selected area electron diffraction (SAED) shows diffuse rings and indicates that Si is amorphous ([Fig. 1g](#F1){ref-type="fig"}), a useful property for improving light absorption^[@R31]^ and reducing rigidity^[@R32]^ in Si ([Table S1](#SD1){ref-type="supplementary-material"}). *In-situ* heating experiments with both TEM ([Supplementary Fig. S11](#SD1){ref-type="supplementary-material"}) and SAXS ([Supplementary Fig. S12](#SD1){ref-type="supplementary-material"}) showed that the ordered mesostructures remained at 900 °C for at least 2 hours, although partial crystallization was observed ([Supplementary Fig. S11](#SD1){ref-type="supplementary-material"}). Finally, this synthetic approach is generalizable to other Si frameworks, *e.g.*, a gyroidal lattice with a space group of $Ia\overline{3}d$ ([Supplementary Fig. S13](#SD1){ref-type="supplementary-material"}).

Chemical heterogeneity {#S2}
======================

The high-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) image highlights individual nanowires ([Supplementary Fig. S14a](#SD1){ref-type="supplementary-material"}), whose ordered packing suggests the existence of interconnecting micro-bridges^[@R25],[@R26]^. Energy dispersive X-ray (EDX) mapping of one representative area shows an alternating distribution of oxygen (O) and Si ([Supplementary Fig. S14b](#SD1){ref-type="supplementary-material"}). Because a long etching time (5--10 min in HF) was adopted to remove the SiO~2~ template, and given the large pore volume (*i.e.*, 0.53 cm^3^/g) exhibited by the material, the O signals came primarily from the oxidized portions in the Si open framework instead of from the SiO~2~ template residuals.

To quantitatively determine the heterogeneous O distribution, we used atom probe tomography (APT) to obtain elemental distributions in a Si framework with sub-nanometer scale spatial resolution ([Figs. 2](#F2){ref-type="fig"}, [S15, S16](#SD1){ref-type="supplementary-material"}). A reconstructed 3D dataset ([Figs. 2a](#F2){ref-type="fig"}, [S16](#SD1){ref-type="supplementary-material"}), collected from one Si particle with an intact SiO~2~ template (*i.e.*, without dissolving SiO~2~ by HF), displayed a hexagonal arrangement of nanowires with a lattice constant of 10.7 nm, consistent with the SAXS and TEM results ([Fig. 1](#F1){ref-type="fig"}). Additionally, individual micro-bridges can be readily visualized ([Fig. 2b](#F2){ref-type="fig"}, yellow arrow), and statistical analyses (*n*=34) demonstrated that the angles between a micro-bridge and its adjacent nanowires peaked at \~90° ([Supplementary Fig. S16b](#SD1){ref-type="supplementary-material"}). Given this quasi-orthogonal arrangement between nanowires and micro-bridges, we were able to isolate two components in orthogonal thin slices ([Fig. 2c](#F2){ref-type="fig"}).

Next, we studied the distribution of Si and O atoms with isoconcentration surface analysis ([Fig. 2b](#F2){ref-type="fig"}). The results demonstrate that although the interconnecting micro-bridges are visible in the 60 at.% Si isoconcentration surface map ([Fig. 2b](#F2){ref-type="fig"}, upper panel), most of them no longer appear in the 75 at.% one ([Fig. 2b](#F2){ref-type="fig"}, lower panel), indicating that the overall Si (O) concentration is less (more) in the micro-bridges. We further analyzed the proximity histogram concentration profile averaged over the selected region ([Fig. 2d](#F2){ref-type="fig"}). Because the micro-bridges have smaller diameters than nanowires (*i.e.*, \< 2 vs. \~7 nm), Si oxidation due to O incorporation from the SiO~2~ template or air places the Si concentration generally below 75 at.% in micro-bridges ([Fig. 2d](#F2){ref-type="fig"}, thick pink line). Moreover, this Si concentration difference can be quantified using a concentration distribution histogram derived from isoconcentration surface analysis within the two slices ([Fig. 2e](#F2){ref-type="fig"}), which displays distinct distributions in each domain (\< 75 at.% for micro-bridges, \< 95 at.% for nanowires) ([Fig. 2e](#F2){ref-type="fig"}). Finally, the Si concentration in the template (*i.e.*, SiO~2~ regions that are away from the Si/SiO~2~ interface) was \~43 at.% ([Fig. 2d](#F2){ref-type="fig"}), higher than that in pure SiO~2~ (*i.e.*, 33 at.%). This suggests that silane decomposition can also occur inside sub-nanometer cavities within the mesoporous SiO~2~ walls, confirming a domain previously proposed as microporous 'corona'^[@R33]^. Taken together, the electron microscopy ([Figs. 1f](#F1){ref-type="fig"}, [1g](#F1){ref-type="fig"} and [S14](#SD1){ref-type="supplementary-material"}), EDX ([Supplementary Fig. S14](#SD1){ref-type="supplementary-material"}) and APT ([Figs. 2](#F2){ref-type="fig"}, [S16](#SD1){ref-type="supplementary-material"}) demonstrate that the Si framework exhibits a chemical heterogeneity, where amorphous Si constitutes most of the nanowire-based component and the thinner micro-bridges have an overall higher O concentration and integrates the nanowires ([Fig. 2f](#F2){ref-type="fig"}).

Mechanical properties {#S3}
=====================

We then explored the physical properties related to the observed structural and chemical heterogeneities. Given their critical role in establishing minimally invasive biointerfaces^[@R3],[@R34],[@R35]^, we first studied the mechanical properties. In a dry state, the Si framework showed an average Young's modulus of 1.84 GPa ([Fig. 3a](#F3){ref-type="fig"}), which is ca. 2 and 1 orders of magnitude smaller than that for bulk Si (\~180 GPa) and electrochemically etched porous Si with similar porosity (\~20 GPa)^[@R1]^, respectively. This significant reduction in modulus is likely a combined result of multi-scale porosity, an amorphous framework, the molecular-level feature sizes of both nanowires and the micro-bridges, and the chemical heterogeneity as identified by APT ([Figs. 2d](#F2){ref-type="fig"}, [2e](#F2){ref-type="fig"}).

After being immersed in a phosphate-buffered saline (PBS) solution for \~2 hours, the average Si Young's modulus decreased to 0.41 GPa ([Fig. 3a](#F3){ref-type="fig"}), comparable to that of hydrated collagen fibers^[@R36]^ and only 1 order of magnitude larger than that of phospholipid bilayers^[@R37]^. This reduction of modulus may come from framework degradation in saline, especially through the O-rich micro-bridges that maintain the framework integrity. However, *in-situ* and *ex-situ* SAXS ([Supplementary Fig. S17](#SD1){ref-type="supplementary-material"}) show that ordered mesostructures dominate in the remaining insoluble material for at least two days at room temperature in both PBS and collagen hydrogel. Cross-sectional TEM also shows long-range order in the interior of these saline treated samples ([Supplementary Fig. S18a](#SD1){ref-type="supplementary-material"}), although partially-degraded nanowire segments can be observed ([Supplementary Fig. S18b](#SD1){ref-type="supplementary-material"}). Raman and ultraviolet-visible (UV-vis) spectra indicate that the remaining Si materials displayed marginal changes in their atomic structures (*i.e.*, the characteristic transverse optical Raman peak position and width, correlating with the spread in mean Si-Si-Si bond angle^[@R38]^, remain at \~480 cm^−1^ and \~59 cm^−1^) and optical properties (*e.g.*, the optical band gap) after being immersed in PBS for 1 day ([Figs. 3b](#F3){ref-type="fig"}, [3c](#F3){ref-type="fig"}). These results suggest that the interior of the Si mesostructures were preserved, and that the measured modulus reduction in saline is likely a result of degradation of particle surfaces. Indeed, we have observed surface accumulation of degradation products in a confined space, *e.g.*, a cavity from a piece of wrapped human umbilical vein endothelial cell (HUVEC) membrane ([Supplementary Fig. S18c](#SD1){ref-type="supplementary-material"}). Overall, this degradation pathway is surface-initiated, instead of being bulk degraded (as usually expected for water-permeable nanoporous materials). We attribute this behavior to the possible blockage of molecular-level pores by the partially-degraded products (*i.e.* gel-like Si*~x~*O*~y~*(OH)*~z~^4x-2y-z^*) over particle surfaces ([Supplementary Fig. S19](#SD1){ref-type="supplementary-material"}), which may delay the disruption of the internal ordered framework in saline --- as seen in both SAXS and TEM ([Supplementary Figs. S17, S18](#SD1){ref-type="supplementary-material"}). Finally, mesostructured Si can completely degrade^[@R10],[@R11]^ in saline over time and its behavior is dependent on multiple factors, such as initial Si/water ratio, solution exchange protocol, and temperature ([Supplementary Fig. S20](#SD1){ref-type="supplementary-material"}).

Close inspection at the Si/HUVEC interfaces reveals a minimum of \~ 30 nm wide space between the ordered domains of Si particle and the plasma membrane ([Figs. 3d](#F3){ref-type="fig"}), likely filled with degraded Si that is more deformable ([Fig. 3a](#F3){ref-type="fig"}) and natural ECM. Additionally, we observed little correlation between the nanowire orientation and the cell surfaces, as shown in samples prepared with both freeze-substitution ([Fig. 3d](#F3){ref-type="fig"}) and chemical fixation ([Supplementary Fig. S18](#SD1){ref-type="supplementary-material"}) methods, suggesting that nanoscale surface topography from Si particle may not be critical for establishing stable biointerfaces.

Biocompatibility {#S4}
================

To evaluate the biological benefit of using mesostructured Si, we developed a single cell calcium-imaging assay in which fluorescence dynamics were recorded upon pressing vertically on a HUVEC cell-supported Si particle (size: \~ 5 μm) with a glass micropipette ([Fig. 3e](#F3){ref-type="fig"}). Compared to grinded single crystalline Si particles, mesostructured Si yields statistically smaller values in both amplitude (*ΔF*/*F~0~*) and slope ((d*F*/d*t*)/*F~0~*) in the mechanically-induced calcium dynamics curves ([Figs. 3e](#F3){ref-type="fig"}, [S21](#SD1){ref-type="supplementary-material"}). These single cell studies confirm that deformable materials are less invasive to cellular components^[@R3]^. Finally, mesostructured Si yielded negligible cytotoxicity in several mammalian cell cultures ([Supplementary Fig. S22](#SD1){ref-type="supplementary-material"}). And when tested in rats subcutaneously, the inflammatory response that was caused by injection and the materials decreased substantially from 1-day to 3-week time points as mesostructured Si degraded ([Supplementary Fig. S23](#SD1){ref-type="supplementary-material"}).

Bioelectric interfaces {#S5}
======================

Altogether, this biocompatible and degradable form of Si has intrinsic (*i.e.*, as grown, [Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) and induced (*e.g.*, by water, [Fig. 3](#F3){ref-type="fig"}) chemical and structural heterogeneities, despite its origin from a single Si precursor (*i.e.*, SiH~4~). Given that these heterogeneities are spatially organized and seamlessly integrated, a single particle may exhibit multiple functions ([Supplementary Fig. S19](#SD1){ref-type="supplementary-material"}), a scenario similar to that in natural biominerals^[@R16],[@R39]^. For example, we expect good photothermal efficacy from the interior of the Si mesostructures ([Supplementary Fig. S19](#SD1){ref-type="supplementary-material"}) due to enhanced intrinsic light absorptivity in amorphous Si^[@R31]^, and reduced thermal conductivity and capacity as previously demonstrated for porous Si^[@R1]^. Taking advantage of the fact that a rapid temperature variation can induce transient capacitive currents in phospholipid bilayers^[@R40],[@R41]^ (see [Supplementary Text](#SD1){ref-type="supplementary-material"}), we constructed a hybrid Si/phospholipid system as a remotely controlled bioelectric interface ([Fig. 4a](#F4){ref-type="fig"}, left). A layer of grinded Si mesostructures (individual particle size: \~ 1--2 μm, [Supplementary Fig. S7a](#SD1){ref-type="supplementary-material"}) was supported over one side of a phospholipid bilayer, and its local junction with lipids was remotely actuated with 532 nm laser pulses (laser beam diameter: \~ 40 μm; [Figs. 4b](#F4){ref-type="fig"}, [S24](#SD1){ref-type="supplementary-material"}). We measured the temperature change near the mesostructured Si layer using a calibrated micropipette resistance method^[@R40]^; we simultaneously assessed the electrical capacitance dynamics with the impedance method^[@R40]^ using a sinusoidal voltage ([Fig. 4b](#F4){ref-type="fig"}). Next, we recorded membrane current dynamics under voltage-clamp mode ([Fig. 4b](#F4){ref-type="fig"}; see details in [Supplementary Information](#SD1){ref-type="supplementary-material"}**)**. Experiments and finite element analysis simulation revealed a fast photothermal effect ([Fig. 4c](#F4){ref-type="fig"}, upper panel; [Supplementary Figs. S24 and S25](#SD1){ref-type="supplementary-material"}), and such a fast response is critical for capacitive current generation in lipid bilayer^[@R40]^. For example, one 11.2 μJ laser pulse causes a \~5.8 K increase of local temperature within 1.8 ms, followed by a decay to baseline with \~2.2 ms time constant ([Fig. 4c](#F4){ref-type="fig"}, upper panel). With the same pulse, the estimated capacitance change accompanying the fast temperature rise peaks at \~0.6 % ([Fig. 4c](#F4){ref-type="fig"}, lower panel). Because impedance correlates inversely to capacitance, a fast increase in bilayer capacitance due to laser pulses leads to a reduction of impedance, and correspondingly, a light-induced transient membrane current. Such a membrane current is capacitive and depolarizing (*i.e.*, current flow tends to reduce the polarization in the phospholipid bilayer); its amplitude is tunable with either laser input energy ([Supplementary Fig. S24](#SD1){ref-type="supplementary-material"}) or a voltage drop across the bilayer ([Fig. 4d](#F4){ref-type="fig"}). Because both the membrane current output and the local temperature variation are transient, this Si/bilayer platform may be adapted for minimally invasive and dynamic biomaterials or devices.

To investigate this possibility, we proposed a dynamic hybrid Si/cell system ([Figs. 4a](#F4){ref-type="fig"} and [4e](#F4){ref-type="fig"}) where individual mesostructured Si particles attached to dorsal root ganglia (DRG) neurons, with 532 nm laser pulses and intracellular electrical recordings as input and output, respectively (see [Supplementary Information](#SD1){ref-type="supplementary-material"}). We prefer to use individual micron-scale and thermally stable ([Figs. S11 and S12](#SD1){ref-type="supplementary-material"}) Si mesostructures over ensembles of existing nanoparticles^[@R41]^ in order to achieve efficient and point-like localized extracellular control, as well as to avoid material internalization by neurons^[@R42]^ or laser heating-induced particle change^[@R43]^. By varying the laser stimulation duration while fixing its wavelength and power (532 nm, 5.32 mW, beam diameter: \~ 10 μm), we identified an average of 5.32 μJ ([Supplementary Fig. S26a](#SD1){ref-type="supplementary-material"}) threshold energy for reliably eliciting single action potentials (AP) in DRG neurons with a singly attached Si particle (particle size: \~ 2 μm). This energy level is \~30× less than those used for a recently reported precise neuromodulation with Au nanoparticles^[@R41]^. Given the experiments on phospholipid bilayers ([Figs. 4b](#F4){ref-type="fig"}, [4c](#F4){ref-type="fig"} and [4d](#F4){ref-type="fig"}) and the controls with mesoporous SiO~2~ ([Supplementary Fig. S27](#SD1){ref-type="supplementary-material"}), under current-clamp conditions, the fast and transient photothermal effect from the Si framework ([Supplementary Fig. S24](#SD1){ref-type="supplementary-material"}) induces depolarization that opens sodium channels thus triggering APs. Since neurons process information *via* spike trains, we mimicked this process by delivering trains of 5.32 μJ laser pulses with different frequencies. We demonstrated reproducible and precise optical stimulation up to 15 Hz ([Fig. 4f](#F4){ref-type="fig"}, upper left). At higher frequencies, AP generation becomes less efficient, although a deterministic sub-threshold depolarization remains evident ([Supplementary Fig. S26b](#SD1){ref-type="supplementary-material"}). After reaching 20 Hz, *e.g.*, at 25 Hz ([Fig. 4f](#F4){ref-type="fig"}, middle), the neural stimulation efficacy declined, response time (spike latency) and its standard deviations (trial-to-trial jitter and throughout train jitter, see Materials and Methods) increased ([Supplementary Fig. S26c](#SD1){ref-type="supplementary-material"}), all of which are most likely limited by the intrinsic ion channel kinetics ([Fig. 4a](#F4){ref-type="fig"}, right)^[@R40],[@R44]^. Interestingly, at 30 Hz input, the real-time electrical recording trace shows a quasi-alternating pattern of APs and sub-threshold depolarization ([Fig. 4f](#F4){ref-type="fig"}, lower left). Accordingly, fast Fourier transform of the time-dependent trace shows a splitting distribution in the frequency domain ([Fig. 4f](#F4){ref-type="fig"}, lower right), one at half-input frequency (for APs) and the other at the original input frequency (for sub-threshold depolarization). This emergent output behavior results from dynamic feedback^[@R44]^ among Si-induced thermal and ionic effects, ion channel activities and membrane potentials ([Fig. 4a](#F4){ref-type="fig"}, right). A return map analysis ([Figs. 4g](#F4){ref-type="fig"} and [S28](#SD1){ref-type="supplementary-material"}, *A~n~-A~n+1~*, *A~n~* is the area of the n^th^ induced neuronal signal)^[@R44]^ shows frequency dependent 2-D patterns, being either focused (*e.g.*, 15 Hz) or partitioned/diffused (*e.g.*, 30 Hz), suggesting another mechanism for output recognition.

Outlook {#S6}
=======

Future efforts include systematic control of the position and efficacy of Si/cell interfaces and demonstration of more complex dynamic behaviors in the hybrid system. These are feasible given that individual mesostructured Si particles can be positioned in an arbitrary manner by a glass micropipette ([Supplementary Fig. S29](#SD1){ref-type="supplementary-material"}), that Si particles can be patterned as a micro-pad array over centimeter-scale area by photolithography ([Supplementary Fig. S30](#SD1){ref-type="supplementary-material"}), and that size- and shape-controlled preparation of Si particles is achievable ([Supplementary Figs. S5, S6, S7](#SD1){ref-type="supplementary-material"}). Additionally, tools such as light-emitting diode and calcium imaging can be explored for stimulation and recording of neural activities, which would be beneficial for *in vivo* studies.

Existing materials, such as particles of single crystalline silicon or carbon, may be configured into similar interfaces, although they do not currently exhibit the deformability or degradability desired for biomaterials. Hydrogels and polymers^[@R45],[@R46]^ are softer and may form mechanically compliant interfaces for similar studies, however appropriate chemical designs are needed for achieving both degradability and fast photothermal dynamics (*e.g.*, a few degrees of temperature increase within milliseconds). Regardless of exploring other materials, the current demonstrations of lipid bilayer-level integration of a bioelectric interface and the hybrid cellular system suggest that it may be possible to use amorphous Si, a much less exploited material in biomedical research, as a building block in establishing functional bio-interfaces^[@R13],[@R35],[@R47]--[@R49]^ and as a new bio-orthogonal and dynamic component for future synthetic biology^[@R50]^.

Methods {#S7}
=======

Synthesis of mesostructured Si {#S8}
------------------------------

Mesostructured Si was prepared by CVD of Si inside mesoporous SiO~2~, followed by HF etching to remove the template. Si was deposited at 500 °C and 40 Torr using silane as the Si precursor and hydrogen as the carrier gas. In a typical synthesis, we used 200 mg of SiO~2~ template, with flow rates of H~2~ and SiH~4~ set at 60 and 2 standard cubic centimeters per minute, and a total CVD duration of 120 min. Subsequent HF etching for 5--10 min was used to remove the template at room temperature.

Structural characterizations {#S9}
----------------------------

SAXS measurements were conducted at the 12ID-B station at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). TXM nano-CT was performed on the new transmission X-ray microscope at sector 32-ID of APS in ANL. SEM was performed on a Merlin FE-SEM (Carl Zeiss, Germany). TEM and SAED were done using a Tecnai F30 TEM (FEI, USA).

Atom-probe tomography (APT) {#S10}
---------------------------

The APT was run in an ultraviolet (UV) laser-assisted local-electrode atom-probe (Cameca, USA, LEAP 400XSi). Surface atoms from a microtip were evaporated with an applied voltage of 1\~6 kV and the assistance of a 30 pJ UV (wavelength *λ*=355 nm) laser pulsing at 250 kHz frequency. The samples were held at 30 K and 2×10^−11^ Torr during APT experiments. The 3D reconstructions and data analyses were performed using Cameca's Integrated Visualization and Analysis Software (IVAS) 3.4 code.

Atomic force microscopy (AFM) measurements {#S11}
------------------------------------------

Force curves were collected using an Asylum MFP-3D AFM (Asylum Research, USA) with ACTA (AppNano, USA, nominal spring constant 40 N/m) probes in air and AC240 (Olympus, Japan, nominal spring constant 2 N/m) probes in liquid. Prior to solution phase AFM experiments, samples were also soaked in 1× PBS solution at room temperature for \~2 h. Force curves were recorded by loading at a rate of 1μm/s up to an indentation depth of \~10 nm, followed by unloading at the same rate.

UV-vis and Raman spectroscopy {#S12}
-----------------------------

Diffuse reflectance UV-Vis spectra were collected on a Cary 5000 UV-Vis-NIR spectrometer (Varian, USA) equipped with a diffuse reflectance accessory (DRA). Raman spectra were recorded using a LabRAM HR evolution system (Horiba, Japan).

Cell/Si interfaces imaging {#S13}
--------------------------

HUVEC/Si mixtures were either frozen under high pressure and freeze-substituted or chemically fixed before epoxy resin embedding. Epoxy sections of \~100 nm were cut using an ultramicrotome and collected on copper grids for imaging on a Tecnai F30 TEM (FEI, USA).

Calcium imaging {#S14}
---------------

HUVECs were stained with Fura-2 AM and washed with a HEPES-buffered Tyrode's solution. Mesostructured and solid Si particles have similar lateral sizes of \~5 μm. Particles sitting on cell bodies were pushed by glass micropipettes controlled by a micromanipulator. After making contact with the particles, pipettes were lowered by another 1 μm and held still for 20 s before retraction. During the whole process, fluorescence images were collected using an upright microscope (BX61WI, Olympus, Japan) equipped with an EM-CCD camera (C9100-13, Hamamatsu Photonics, Japan).

Artificial lipid bilayer experiments {#S15}
------------------------------------

A custom-made upper chamber containing a 300 μm diameter hole for planar lipid bilayer (asolectin lipids, soybean polar lipid extract, Avanti Polar Lipids, USA) formation was used and placed in a glass-bottomed lower chamber. Mesostructured Si particles were applied into the upper bath solution and allowed to settle down to form contact with the bilayer. Laser pulses (532 nm) were delivered through a 10×/0.25 NA lens and the power was adjusted by a set of neutral density filters manually. The laser pulse frequency and duration were controlled by the in-house software and external custom-made hardware. For the capacitance measurements, the current responses of the bilayer were recorded when a 5 kHz sinusoidal carrier voltage signal was concurrently used as the voltage command, while Si-based film was illuminated by the laser pulses. For the local temperature measurements, a pipette electrode (2\~4 MΩ) filled with bilayer bath solution was placed adjacent to the stimulation site. Capacitive currents were recorded in voltage-clamp mode. A laser pulse was delivered to the preparation 300 ms after the voltage was jumped from a holding potential of 0 mV to the desired voltage.

DRG neurons experiments {#S16}
-----------------------

DRGs were extracted from P1--P3 Sprague-Dawley rats and cultured following existing protocols (See details in [Supplementary Information](#SD1){ref-type="supplementary-material"}). Mesotructured Si particles were delivered and settled onto DRG cultures. Targeted neurons with a single particle attached to the soma were patched using a \~2 MΩ pipette. Voltage recordings were made in current clamp mode. Every three seconds, a 1 ms suprathreshold amplitude current injection was delivered to the neuron to assess its excitability and followed by a 1 ms laser pulse through a 40×/0.55NA lens, 300 ms later. The minimal power enough to elicit APs was determined and applied in trains of laser pulses at different frequencies.
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![Amorphous Si can have multi-scale structural heterogeneity and ordered mesoscale features\
**a**, Si-based cellular modulation materials can be designed to share similar mesostructures with natural biomaterials, *e.g.*, bones, with ordered unidirectional fibril networks that are maintained by molecular cross-links. **b**, A double quartz-tubing system was used for nano-casting synthesis, with a mesoporous SiO~2~ template placed near the bottom of the inner tube (left). After HF etching, the brownish product (right) can be yielded. Scale bars, 1 cm. **c**, SEM image of as-synthesized Si particles shows a morphology similar to that of SBA-15 template. Scale bar, 2 μm. **d**, TXM 3D dataset of a representative region of mesostructured silicon (left). A thin slice of the dataset (green lines) highlights the presence of both intra- and inter-granular voids (right). Representing silicon as a semi-transparent matrix allows clearer visualization of the voids (upper right). Magenta, silicon; blue, intra-granular voids; open regions in the whole volume or thin slice, inter-granular voids. **e**, SAXS profile shows mesoscale periodicity with a 2D hexagonal symmetry. **f**, SEM image reveals periodic arrangement of Si nanowire assembly. Scale bar, 100 nm. **g**, TEM image (left) and its FFT diffractogram (lower right) indicate the hexagonal packing of Si nanowires (left panel). SAED pattern shows an amorphous atomic structure (upper right). Scale bar, 100 nm.](nihms788971f1){#F1}

![Mesostructured Si has size-dependent chemical heterogeneity\
**a**, APT of one as-deposited sample (*i.e.*, without SiO~2~ removal) exhibits hexagonal packing of Si nanowires in SiO~2~ matrix. For clarity, only 5% of total Si (blue dots) and O (cyan dots) are displayed. Scale bar, 20 nm. **b**, 60 at.% (upper) and 75 at.% (lower) Si isoconcentration surfaces viewed from *x* (left) and *z* (right) directions. The presence of micro-bridges (yellow arrow) in 60 at.% surfaces (upper) and their absence in 75 at.% surfaces (lower) suggest that the overall Si concentration is less in micro-bridges than in Si nanowires. Scale bars, 10 nm. **c**, Representative slices showing Si nanowires (left) and micro-bridges (right) separately, rendered as 65 at.% Si isoconcentration surfaces. Lines and numbers denote dimensions along *x* (red), *y* (green) and *z* (blue) axes. The locations of the selected slices are marked in [Supplementary Fig. S16](#SD1){ref-type="supplementary-material"}. **d**,**e**, Proximity histogram concentration profiles (**d**) and Si concentration distribution histograms (**e**) confirm the size-dependent Si concentration in Si nanowires (green) and micro-bridges (pink and magenta). '*d*' in **d** denotes the distance from the 60 at.% Si isoconcentration surfaces and a positive/negative value means that the point is inside/outside the enclosed isoconcentration surface. The curved pink and green thick lines estimate the decoupled Si distributions in micro-bridges and nanowires, respectively, given the different principal feature sizes in these two components (lines with arrows, magenta vs. green). **f**, End- (left) and side-view (right) schematics of mesostructured Si illustrate the graded Si/SiO*~x~* (green/pink) interfaces and the observed chemical heterogeneity between nanowires and micro-bridges.](nihms788971f2){#F2}

![Mesostructured Si can establish less invasive biointerfaces\
**a**, Box-and-whisker plot of Young's moduli of mesostructured Si measured in air (blue) and in a PBS solution (red). Half of the data points are within the boxes, 80% are within the whiskers. Solid and dashed lines represent the medians and means, respectively. The dots mark the maximum and minimum values. *n*=138 for measurement in air, *n*=94 in PBS. The number above the bar is the *p*-value of the Mann-Whitney test. **b**,**c**, Raman (**b**) and UV-vis (**c**) spectra of mesostructured Si submerged in PBS for 0 h (blue) and 24 h (red). The dashed line in **b** marks the position of Transverse Optical peak, whose position and width reflect the distribution of bond angle (*θ*). Extrapolation from Tauc plots (**c**, right) of the UV-vis spectra yield band gaps. *F(R)* is the Kubelka-Munk function defined as *F(R) = (1−R)^2^/2R*, where *R* is reflectance. *E* is the energy defined as *hυ*. Raman and UV-vis spectra were collected in PBS and air, respectively. **d**, Cross-sectional TEM image of a representative mesostructured Si/HUVEC interface after freeze-substitution and resin embedding. Blue dashed box marks the region for a zoom-in view on the right. The nanowires ends are marked with yellow dots. Scale bars, 100 nm (left), 20 nm (right). **e**, A schematic diagram (upper left) of the single-cell calcium imaging assay, with relative amplitude (Δ*F*/*F*~0~) and slope ((d*F*/d*t*)/*F*~0~) defined (lower left). A scattered plot (right) for the amplitude and slope values of the calcium dynamics, recorded from porous/mesostructured/amorphous (blue) and solid/single crystalline (red) particles. Insets display 2D distribution histograms associated with porous (upper left) and solid (lower right) samples. *n* = 44 for each group.](nihms788971f3){#F3}

![Remotely actuated and lipid-supported bioelectric interface as a dynamic hybrid system\
**a**, Schematics of a light actuated bioelectric interface (left), where transient capacitive currents across lipid bilayer (LB) are generated due to the photothermal effect of mesostructured Si. A hybrid Si/cell system (right) uses pulsed optical signals as the input (**i**) and yields local transient heating. The fast transient heating generates capacitive currents through LB (**ii**) which, together with the currents passing through ion channels (**iv**), determine the membrane potential. The ion channel activities can be affected by the membrane potential (**v**) which is the result of either ionic currents and/or of the change in membrane capacitance by transient heating but also by direct heating (**iii**). All these processes integrate together as a single dynamic hybrid system, generating output (**vi**) that is recognizable in time and frequency domains and as 2D maps. **b**, A planar and remotely controlled bioelectric interface made from densely packed Si mesostructures and an artificial lipid bilayer. Experimental setup (top) shows measurements of local solution temperature, bilayer electrical capacitance, and membrane current, upon localized laser illumination at the Si/lipid interface (top panel). The star marks a drilled hole at the bottom of top chamber, where lipid bilayer forms. Two independent circuits are shown. The first circuit uses A~1~ and A~2~ as a patch clamp that measures membrane currents (*I*~m~) in response to a command voltage (*V*~comm~) clamped at *V*~lower~, connected to the solution pool below the bilayer. *V*~comm~ can be conventional voltage pulses or a sinusoidal voltage signal. *V*~upper~ connects the pool on top of the chamber to ground. The second circuit, using A~3~, records a voltage drop (*V*~temp~) between the pipette (T~probe~) and *V*~sensor~, in response to a current applied between the pipette and *I*~out~. *V*~temp~ is proportional to the pipette resistance, which in turn is a function of the temperature (see details in the text). A zoom-in side view of the setup (bottom) shows Si/lipid interface. **c**, Averaged local solution temperature (top) and bilayer capacitance (bottom) dynamics upon laser pulses with different input energies (laser power, 22.4 mW; black, 0.5 ms; red, 1.0 ms; blue, 1.5 ms; olive, 2.0 ms). *n*=50. **d**, Capacitive currents in response to laser pulses (44.8μJ), recorded in voltage-clamp mode. Red and blue traces indicate the currents when the potentials were clamped at −120 mV and 120 mV, respectively. Black traces are recordings at intermediate potentials in increments of 20 mV. Green bar indicates when laser pulse was on. *n*=10. **e**, Experimental setup used to elicit action potentials in DRG neurons by illuminating a single Si particle attached to a cell. Neurons were patch clamped in the current-clamp whole-cell mode. AOM, acousto-optic modulator; ND, neutral density filters; DIC, dichroic mirror; OBJ, microscope objective; AMP, amplifier; LPF, low-pass filter; ADC, analog-to-digital converter. Inset shows that a portion of the cell membrane functions as a built-in bioelectric interface. **f**, Representative intracellular potential recordings of a DRG neuron to trains of laser pulses (5.32 μJ) at different frequencies, with corresponding FFTs (right). *f* and *f~0~* are output and input frequencies, respectively. Green bars indicate when laser pulses were delivered. **g**, An area-based return map reveals an evolution of frequency-dependent 2-D patterns. Data points are analyzed from 20 spikes per trial, 4 trials per frequency.](nihms788971f4){#F4}
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